A two-dimensional polyacrylamide gel electrophoresis technique is presented for separation of acid-extracted proteins of isolated nucleoli of normal rat liver and Novikoff hepatoma ascites cells. About 100 distinct protein spots were resolved. Comparison of the patterns for normal liver and Novikoff hepatoma revealed nine spots with markedly different intensities in the two patterns. Two spots were found that were unique to the normal liver pattern, and one spot was found that was unique to the hepatoma pattern.
Although considerable information on the possible functional roles and metabolism of nonhistone nuclear proteins is now accumulating (1, 2) , understanding of the chemistry of these molecules has advanced slowly because of the uncertainty as to the number and types of these proteins (3) (4) (5) . The impression that there is a substantial number of these proteins has emerged from studies by polyacrylamide disc-gel electrophoresis on nuclear and nucleolar proteins associated with chromatin (1, 4, 5) . However, very little information is available regarding the number and characteristics of proteins of extracts of whole nuclei and nucleoli (6, 7) .
Inasmuch as the development of two-dimensional electrophoresis for separation of ribosomal proteins provided excellent resolution of these molecules (8) (9) (10) , which have a similar overall composition to nucleolar proteins (7) , it seemed possible that this approach could have special value for studies on nucleolar proteins. The nucleolar acid-extractable proteins had solubility characteristics that prevented the use of the systems used for studies on ribosomal proteins. In the present study, these problems have been resolved, and a high-resolution two-dimensional acrylamide gel electrophoresis technique has been developed that is suitable for application to nucleolar extracts as well as for extracts of whole nuclei.
The extraction procedure used 0.4 N H2SO4, which had been used previously, to permit comparison of the results with those on histones (6, 7) . To determine whether the method had discriminatory capability for tissue function, the results are compared for two tissues, normal liver and Novikoff hepatoma.
MATERIALS AND METHODS
Nucleoli of Novikoff hepatoma ascites cells and normal rat-liver cells were isolated (6, 7) and subsequently extracted with 0.4 N H2SO4 as reported (6) . The ethanol-precipitated, vacuum-dried protein sample was dissolved in a concentration of 10 mg/ml in a solution containing 10 M urea-0.9 N acetic acid-i mM dithiothreitol.
Electrophoresis in the first dimension was performed in 12-cm tubes with an inner diameter of 5 mm. The solutions for the polyacrylamide gel of the first dimension contained the following: (a) 40% acrylamide, 1.4% bisacrylamide, 4 M urea; (b) 4.0% TEMED (N,N,N',N'-tetramethylenediamine) in 2 M urea; and (c) 0.21% ammonium persulfate, 3.6 N acetic acid, 6 M urea. These solutions were combined in a ratio of 1 volume of (a), 1 volume of (b), and 2 volumes of (c) to yield a gel composition of 10% acrylamide, 0.35% bisacrylamide, 0.1% persulfate, 1% TEMED, 4.5 M urea. The polymerization time was about 1 hr.
After pre-electrophoresis for 2 hr at 120 V to constant amperage with 0.9 M acetic acid as the electrolyte, a 20-to 50-,u sample was loaded on the gel. It was subjected to electrophoresis for 5 hr at 120 V and about 2.5 mA per gel tube.
The gels of the first dimension were then removed from the tubes and bisected longitudinally with a taut wire cutter. Half the gel was stained in 1% Buffalo Black-7% acetic acid (45 min) and destained in 10% methanol-7% acetic acid.
The second half of the gel was then adapted for the second dimension.
The gel for electrophoresis in the sodium dodecyl sulfate second dimension was prepared by dialysis in a series of three adaptation solutions: (d) 1% Na dodecyl sulfate, 0.1 M phosphate buffer (pH 7.1), 6 M urea; (e) 1% Na dodecyl sulfate, 0.01 M phosphate buffer (pH 7.1), 6 proportions: 0.6 parts of (g) to 0.25 parts of (h) to 0.15 parts of (i). This combination produced a gel containing 12% acrylamide, 0.31% bisacrylamide, 0.05% TEMED, 0.10% Na dodecyl sulfate, 0.075% persulfate, 6 M urea, and 0.1 M phosphate buffer (pH 7.1). The phosphate buffer contained 1317 132 mM NaH2PO4 H20-268 mM Na2HPO47 H20-0.4% Na dodecyl sulfate.
The adapted portion of the bisected first-dimension gel was immersed for 2 The mobilities of some of these spots corresponded with those of known histone samples. The position of the GAR histone, also referred to as the f2al histone or histone IV, is shown in Figs. 1 and 2 . In addition, spot Al is probably the AL histone. Spot A2 is probably the N-proline histone or f2b histone; spot A4 is the F3 histone or histone III; and spots A17, A18, and A19 are very lysine-rich or fl histones (2, 3).
There were differences between the patterns of the nucleolar proteins of normal liver and Novikoff hepatoma. Striking differences were observed in the relative staining intensities of certain spots (Table 1) . For example, A1OL was much denser than A10 in the normal liver pattern, while A10 was much larger than A1OL in the hepatoma pattern. Similarly, in the B region, quantitative differences were found for spots Bi and B18, which were consistently denser spots in the liver pattern compared with the hepatoma pattern. In the C region of the liver pattern, spot C11 was a dense spot, C8 was very small, and C9 was absent. Conversely, in the hepatoma pattern C8 constituted a dense spot, C9 was a small definite spot, and Cl 1 was only a minor spot. Some qualitative differences were also found in the patterns. In the B region two protein spots, B4L and B5L, were found in the liver pattern but not in the hepatoma pattern. In the hepatoma pattern, C9 was present but was not found in the normal liver pattern.
DISCUSSION
The present studies provide a practical procedure for separation of a large number of nuclear proteins by two-dimensional gel electrophoresis. The reproduction of the results on the gels by photography or by mapping is not as satisfactory as direct visualization of the gels. However, the results are highly reproducible from preparation to preparation, and the differences found for liver and nucleoli patterns are consistent from experiment to experiment and readily visualized by examination of photographs of the gels (Figs. 1 and 2) .
By light and electron microscopy and by enzymatic analysis, there was no appreciable contamination of the isolated nucleoli with membranes, extranucleolar chromatin, or cytoplasmic particles (7) . In studies in progress, most of the protein spots found in the nucleolar two-dimensional gels have also been found among the protein spots in the twodimensional gel patterns for acid-extractable proteins of nuclei obtained by the citric acid procedure (7) . Since the citric acid nuclei are essentially devoid of cytoplasm, these results make it unlikely that nonnucleolar proteins are absorbed from the cytoplasm during these preparations. On the other hand, it is possible that highly soluble nucleolar proteins may be extracted during the isolation procedure.
The demonstration of several quantitative differences in spot size and intensity of staining for the tumor and liver preparations was unexpected. However, the prominence of A19 in the very lysine-rich histone group of the hepatoma pattern as compared with the diminution of this spot in the normal liver pattern may reflect the difference in phosphorylation of lysine-rich histones that was correlated with growth rate (11) . One of the more striking quantitative differences is the greater density of spot A10 in the Novikoff hepatoma pattern as compared to that in the normal liver pattern. On the other hand, the dense spot A1OL in the normal liver pattern was hardly visible in the tumor pattern. The presence of spots of different size having similar migration in the second dimension (Na dodecyl sulfate) suggests the possibility that these may reflect different chemical modifications of the same parent protein. The method used for isolation of the nucleoli provides satisfactory products from both Novikoff hepatoma and normal liver (7) , and it was anticipated that because the nucleoli are primarily involved in synthesis of preribosomal products that the proteins present in these nucleoli would be essentially the same (7) . As listed in Table 1 , in addition to the quantitative differences, some protein spots were found in normal liver nucleoli that are not found in tumor nucleoli. One possibility is that these spots might constitute some gene modulator or other control proteins that may account for the lower rates of synthesis of nucleolar products in liver compared with tumors. If this were the case, such proteins would be of special interest from the point of view of the control of the nucleolus and rDNA activities. On the other hand, the observed quantitative differences may be due to differential rates of synthesis of certain proteins as a result of a greater proportion of tumor cells undergoing cell division.
These results have shown that protein fingerprinting methods may be of special value in distinguishing significant changes in protein complements of nuclear and nucleolar extracts of tissues in different functional states. In particular, the possible functional differences of proteins B4L and B5L and the possible interrelation of A10 and A1OL are of interest for further investigation.
